An unusually long repeated DNA sequence was identified in cloned DNA, three kb 3' to the human B-globin gene. Other members of this repeated sequence family were isolated from a human genomic DNA library and characterized by Southern blotting techniques, electron microscopy, and solution hybridization. The copy located next to the B-globin gene was found to be 6.4 +/-0.2 kb long and continuous over that length. This repeated sequence family comprises about 1% of the human genome and contains 3000-4800 copies of moderate sequence divergence which are interspersed with other less-highly repeated DNA. The 6.4 kb repeated unit does not appear to be composed of any smaller tandemly repeated subunits, nor is it expressed at a high level in bone marrow cell RNA.
INTRODUCTION
The genomes of eukaryotes are composed of 20-60% repetitive DNA which is divided into the highly repetitive (about 1,000,000 copies) and moderately repetitive (generally 100,000 copies or less) sequences (1) . Moderately repetitive DNA exists in two different patterns termed short-period interspersion, or Xenopus-type, and long-period interspersion, or Drosophila-type (2) . In short-period interspersion, which occurs in mammals, most vertebrates and sea urchins, the predominant repeated DNA sequences are about 300 base pairs (bp) long and interspersed with unique sequence DNA (3) . A minority of the repetitive DNA sequences (6% in Xenopus) are longer than 1.5 kilobase (kb). These long repetitive DNA sequences show less divergence than the short DNA sequences (4) but may contain some components in common with the short repeats (5) (6) (7) (8) (9) .
Analysis of the human genome indicates that most moderately repetitive DNA conforms to the short period interspersion pattern (10, 11) ; short repetitive DNA sequences and inverted repeats are present which are transcribed into hnRNA (12) (13) (14) . A highly repeated 300 bp family, 60% of the copies of which contain an identically positioned site for the restriction endonuclease, Alu I, has been shown to be interspersed with unique sequence DNA (15, 16) . Also a different short tandemly arranged 340 bp repeated DNA family has been localized to the centromeres of human chromosomes and its copies are homologous to a repeated DNA family in monkeys (17) (18) (19) (20) . A family of longer repetitive DNA sequences which appear as 3.4 kb fragments after Eco RI, Hae III, or Eco RII digestion of DNA from human males has been localized exclusively to the Y chromosome. Copies of this family consist of three 800 bp repeated DNA sequences which are unique to male DNA separated by 250 bp units of moderately repetitive DNA sequences also found in female DNA (21) .
Numerous studies of repetitive DNA families using solution hybridization techniques form the basis of present knowledge of these sequences but have so far failed to establish their significance. By using recombinant DNA and molecular cloning techniques, specific repetitive DNA sequences may be isolated and characterized and their relationship to specific structural genes defined. Recently, repetitive DNA sequences interspersed among the rabbit 6-like globin genes have been characterized by this strategy. Shen and Maniatis (22) have studied five families of repetitive DNA sequences, individual copies of which are interspersed among four rabbit 8-like globin genes as direct or inverted repeats. Each of the repeated DNA sequences are less than 0.5 kb except for one pair of 1.4 kb which brackets the entire four gene complex. In human DNA, a repeated family of DNA sequences has also been found among the 6-like globin genes (23, 24) ; individual copies are transcribed in vitro by RNA polymerase III to yield either a 515 or 575 bp RNA (24) .
No examples of repeated DNA sequences longer than 1.5 kb have been identified next to specific mammalian genes and hence these longer repeat families remain less well characterized. Discovery of a repeated DNA sequence longer than 3.2 kb, one copy of which is located beginning 3 kb 3' to the human 6 globin gene (25) provided an opportunity to characterize this long repeated DNA family from the human genome. Hence we have determined the length, sequence homology, number of copies, and interspersion pattern of this family of long moderately repetitive DNA sequences. (26) . E. coli x!776 "as provided by R. Curtiss III (27) . AHBG1 (28) was kindly provided by T. Maniatis.
MATERIALS AND METHODS

Materials
Cloning of DNA Into Plasmids and Bacteriophage Methods for maintenance and growth of bacterial strains and for amplification and extraction of plasmid DNA from E^ coli strains x 17^6 and C600 and extraction of bacteriophage DNA from high titer CsCl stocks were as described (29) . The human Charon 4A genomic library was prepared by the procedure described in detail by Maniatis et al. (30) , using the in vitro packaging system of Blattner et al. (26) , except that high molecular weight DNA, isolated from splenic tissue, was partially digested with Eco RI. Fragments of 15-20 kb in length were isolated by sucrose gradient centrifugation and ligated to the arms of Charon 4A as previously described (25, 29) . A library of 10 recombinant bacteriophage was amplified and then screened by the method of Benton and Davis (31) .
Specific DNA fragments were subcloned into pBR322 using standard techniques Restriction Endonuclease and Southern Blot Analysis Enzyme digestions were performed according to conditions specified by the vendor. Nick-translation was performed as previously described (33, 34) . Specific activities 7 8 ranged from 10 to 10 cpm/pg. RNA and cDNA were prepared exactly as described (35, 36) . Southern blot analysis (37) was by standard techniques and the hybridization and washing conditions were exactly those of Jeffreys and
Flavell (38) .
Spot Hybridization DNA concentrations were measured by absorbance at 260 nm. Aliquots of the DNA samples in 10 mM Tris pH 7.5, 1 mM EDTA, were denatured by heating at 100°C for 10 minutes then applied in 5 \il to a nitrocellulose filter, allowed to dry thoroughly at room temperature and then baked at 80°C for 2 hours prior to hybridization under routine conditions (38) .
Solution Hybridization These analyses were performed as described (35) in varying concentrations of formamide containing 0.5 M NaCl at 50°C with nick-translated DNA fragments as tracers. DNAs were sheared to 600-800 bp lengths by sonication. Formation of duplexes was measured by digestion with single-strand specific S^ nuclease (39, 35) .
Electron Microscopic Heteroduplex Analysis Equal amounts of DNA from two bacteriophage (at a total final concentration of 5 yg/ml) were denatured and reannealed 45-60 minutes in 47.6% formamide exactly as previously described (40) . Spreading conditions, electron microscopy, photography, and measurement of heteroduplex molecules will be described in detail elsewhere (41) .
RESULTS
A Repeated DNA Sequence 3' to the Human Beta Globin Gene. We used
Southern blot analysis to screen several DNA fragments from near the human 6 and 6 globin genes for the presence of repeated sequences (Fig. 1) . Two Pst I fragments and two Eco RI fragments were isolated from cloned DNA, nicktranslated and used as probes against Pst I digested or Eco RI digested human DNA, respectively. The 3.1 kb Pst I fragment hybridized only to a single band in the Southern blot analysis, suggesting that it contained only unique sequence. The 2.1 kb Pst I fragment hybridized weakly to a continuum of bands, and the 3.6 kb Eco RI fragment hybridized intensely to a similar continuum, suggesting that these fragments contained repeated sequences. In contrast, the 3. Five of the more strongly hybridizing of these bacteriophage were isolated, and the DNA extracted and analyzed by restriction endonucleases and Southern blotting, using probes from the 8-globin gene 3' flanking region (Fig. 2) . Figure 1 . Southern blot analysis of human DNA. At the top are shown the origins of the fragments recovered from recombinant plasmids, nick-translated, and used as probes against Southern blots of human genomic DNA, 15 ug per lane. For the two Pst I fragment probes the genomic DNA was digested with Pst I, and for the two Eco RI probes, with Eco RI. Electrophoresis was in.a 1% agarose gel. Specific activities of the probes varied between 10 -10 cpm/yg while radioautography exposure varied from 1-5 days. Size markers are from Eco RI digestion of lambda DNA and Hae III digestion of 0174 DNA. The two Pst I fragments were subcloned from AHBG1 (28) , and the two Eco RI fragments were subcloned from ATBG41, a recombinant bacteriophage containing the 3 1 end of the 6-globin gene and 17 kb of 3' flanking DNA (25) .
contain a 1.4 kb Eco RI-Bam HI fragment which hybridized to the 1.4 kb Eco RIBam HI fragment which lies just 3' to the 3.2 kb 6-3' Eco RI fragment in the S globin gene region. Restriction endonuclease maps were derived for each of the human DNA segments present in the five clones (Fig. 3) . The 1.4 kb Bam HIEco RI fragment, mentioned above, was used to orient tentatively the five recomb inants relative to the repeated sequence in the B globin gene 3' flanking region. These orientations were confirmed by electron microscopy (described The heteroduplex between XJA64 and XJA67 (Fig. 5) Figure 5 illustrates the heteroduplex between XJA70 and XJA76, which has a central duplex region of 3.6 kb, showing that the end of the homology of the copies of the repeated DNA sequence in these two clones is in the same location as that between XJA67 and XTBG41. We must emphasize thet these data indicate the length of the member of this long repetitive DNA family located 3' to the 8 globin gene; other members of the family might be somewhat longer or shorter although the data in Fig. 1 supports an interpretation that most copies are at least 3.2 kb long. For convenience we refer subsequently to the family of 6.4 kb repetitive DNA sequences. Fig.7) . Since unique sequence DNA reanneals at a Cot ,, of about 1200 (42 and data not shown), we estimate that there are 3000 to 4800 -2 -1 0 log C o t Figure 7 . Analysis of the frequency of repetition of the 3.2 kb 6-3' Eco RI sequence. Total human DNA, sonicated to yield 600-800 bp fragments, was incubated in capillaries at a concentration of 21 ug/ml with nick-translated 3.2 kb 8-3' Eco RI tracer (400-800 bp fragments) in 40% formamide, 25 mM Hepes pH 7.0, 2.5 mM EDTA, 0.5 M NaCl at 50°C for times varying from two minutes to two days. Duplex formation was assayed by Si nuclease digestion and is plotted against the logarithm of Cot (concentration of nucleotides x time, in mole x sec/L). We estimate from this curve that the renaturation reaches 50% of endpoint at Cot = 0.25 -0.4. Hence we do not feel that all or most of the 6.4 kb repeated sequence is highly expressed into bone marrow cell RNA, though these studies Figure 8 . Spot hybridization analysis to determine reiteration frequency. Serial dilutions of heat-denatured genomic DNA and the 3.2 kb 8-3' Eco RI fragment were applied, in 5 \sl aliquots, containing 500 to 16 or 5 to 0.16 ng of DNA respectively, to a nitrocellulose filter and analyzed as described in the text. The fragment size of the nick-translated probe was 400-800 bp. Figure 9 . Thermal stability of duplexes formed between genomic DNA and the 3.2 kb 6-3' Eco RI fragment. The melting curves of duplexes formed at 50°C are shown: reannealed tracer -3.2 kb 8-3' Eco RI fragment (0); genomic DNA and 3.2 kb 8-3' Eco RI fragment (•); reannealed radiolabeled 3.1 kb Pst I fragment from between the 6 and 6 globin genes in XH6G1 (A). All melt curves were done in 40% formamide and 0.5 M NaCl as previously described (35) . From these curves we estimate the Tin for the genomic repeated sequences as 61.5°C and for the cloned DNA fragments as 64.5°C. do not rule out low level expression or expression of a small part of individual copies of the 6.4 kb repeat family.
DISCUSSION
We have identified a repeated DNA sequence which begins 3 kb 3' to the human B-globin gene, is 6.4 kb in length, is reiterated 3000-4800 times in the human genome, and comprises about 1% of total human DNA. It is interspersed in the genome with other less highly repeated, or possibly unique, sequences. The 6.4 kb repeated unit does not appear to be highly repetitious internally, as determined by Southern blotting and inspection of heteroduplexes. Sequence polymorphism between the individual copies of this repeated sequence was revealed both by restriction endonuclease maps and thermal stability studies. Our estimate of the length of the repeated unit by electron microscopy is supported by restriction endonuclease mapping data and by Southern blotting experiments using a probe made from genomic DNA. Our estimate of the reiteration frequency by Cot curve analysis is also confirmed by filter hybridization studies. This particular repeated sequence family is of interest because it is longer than the majority of human repeated sequences, which have an average length of 300 bp (10, 11) .
This repeated sequence can be distinguished from the multigene families for histones, rRNA, tRNA, and 5S RNA (44) (45) (46) (47) by its reiteration frequency, restriction endonuclease map, and lack of high-level expression into RNA.
Preliminary data of ours show that DNAs from several primate species hybridize only slightly less intensely to the 3.2 kb B-3' Eco RI fragment probe than does human DNA under conditions where calf DNA failed to hybridize (Adams, J.W., Scott, A.F., Smith, K.D., unpublished data). Hence it appears that the origin of this repeated sequence family pre-dates the divergence of the primate species.
As to the function or genesis of this sequence we can make only vague hypotheses. The fact that it is not expressed into RNA, at least in bone marrow cells, at levels proportionate to its reiteration frequency, suggests that it does not code for a protein or major nuclear RNA in this tissue. However, there may be a low-level transcript which has some functional role, or there may be transcription in some other tissue. Alternatively this sequence may be a binding site for a chromosomal protein, or serve as a signal for chromosomal folding. As such it could conceivably have some role in the regulation of expression of the B-globin or other nearby genes. The interspersion of this sequence among other DNA is consistant with but not by itself supportive of such a role. Finally it is possible that this repeated sequence has no function relevant to the organism, but is carried in the genome in an essentially parasitic fashion (48) .
The mechanism of sequence replication and distribution for this and other eukaryotic repeated sequences is unknown. Transposable elements have been described, though, in yeast (49) , maize (50) , and Drosophila (51, 52), as well as in prokaryotes, and possibly a repeated sequence such as the one we have identified may be able to facilitate its own duplication and transposition in human chromosomes. This could be tested by using a unique sequence DNA probe from next to one copy of this repeated sequence to screen by Southern blotting the DNA from humans of different racial backgrounds, looking for genomes in which that copy of the repeated sequence was missing or in a different location.
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